Abstract-Fipronil is a phenylpyrazole insecticide increasingly used in applications such as rice culture, turf grass management, and residential pest control, with a high probability to contaminate aquatic environments. As a chiral pesticide, fipronil is released to the environment as a racemic mixture (equal amounts of optical isomers called enantiomers). Enantiomers can have different toxicological and biological activity; however, information on these differences, which is necessary for accurate risk assessment of chiral pesticides, is limited. Here we examine the acute toxicity of fipronil enantiomers, the racemate, and its photoproduct (desulfinyl fipronil) to Ceriodaphnia dubia. The 48-h median lethal concentration (LC50) values based on measured concentrations of each compound indicate the (ϩ) enantiomer (LC50 ϭ 10.3 Ϯ 1.1 g/L, mean Ϯ standard error [SE]) was significantly more toxic to C. dubia than either the (Ϫ) enantiomer (LC50 ϭ 31.9 Ϯ 2.2 g/L) or racemate (LC50 ϭ 17.7 Ϯ 1.3 g/L). To account for any potential loss of fipronil through photolysis, tests were performed under light (fluorescent) and dark exposure conditions, and no significant differences in toxicity were observed. Desulfinyl fipronil, the major photodegradation product, which is not chiral, was detected at Ͻ1% of each parent compound in test solutions after 48 h. Separate toxicity tests with desulfinyl fipronil found a Ͼ20-fold higher LC50 (355 Ϯ 9.3 g/L) compared to the fipronil racemate, suggesting lower adverse effects to C. dubia as a result of fipronil photolysis. The present results suggest selection of the (Ϫ) enantiomer in fipronil production for lower impacts to C. dubia; however, the consistency and relevancy of fipronil's enantiomer-specific activity at both acute and chronic levels of concern to additional target and nontarget species needs further consideration.
INTRODUCTION

Fipronil (
is a phenylpyrazole-class insecticide first approved for use in the United States in 1996. A number of its commercial formulations are used widely in rice culture, turf grass management, and residential pest control. Fipronil has been recognized as a disrupter of ␥-aminobutyric acid (GABA)-gated chloride channels in nerve cells leading to hyperexcitation and eventual mortality [1] . Its toxicity is much higher (Ͼ500-fold) in invertebrates relative to mammals due to differences in binding between insect and mammalian GABA receptors [2, 3] ; this has been attributed to its unique trifluoromethylsulfinyl group that is not present in other similar pesticides [4] . As a result, use of this insecticide is increasing worldwide, due in part to restrictions in use and species resistance to organophosphorous and other pesticides [2, 5] .
The environmental degradation of fipronil is controlled in large part by photolysis in aquatic systems. This photoconversion readily occurs (t 1/2 Ͻ 0.5 d [6, 7] ; t 1/2 Ͻ 3.6 d [8, 9] ), resulting in extrusion of the sulfinyl group (Fig. 1) . Previous research has shown fipronil to be highly toxic to aquatic crustaceans [7, [10] [11] [12] , with its desulfinyl photoproduct being equal to or greater in toxicity within some species [4, 7] , as well as being more persistent environmentally [9, 13] . Thus, it is important to consider both fipronil and its photoproduct when evaluating potential contamination of the aquatic environment.
Fipronil is one of the approximately 25% of current-use pesticides that are chiral ( Fig. 1) [14] . Chiral compounds exist as two nonsuperimposable mirror images called enantiomers, * To whom correspondence may be addressed (mblack@uga.edu).
which are designated as (ϩ) and (Ϫ) based on their rotation of plane-polarized light. The manufacture of chiral chemicals results in a mixture designated as racemic (Ϯ), which contains 50% of each enantiomer and is the form in which they typically are released into the environment. Enantiomers have identical physical-chemical properties and abiotic degradation rates [15] , but can have different toxicity, biological activity, and microbial degradation rates from each other [14] [15] [16] [17] [18] . Knowledge of the effects and persistence of individual enantiomers is critical for future regulation of chiral pesticides [19] . In fact, due to the enantiomer-specific activity and effects of some chiral pesticides, some European countries have revoked registrations of racemates in favor of registration of single enantiomers [14] . Also, the U.S. Environmental Protection Agency (U.S. EPA) has recognized the issue of chirality in pesticide registration [20] , but usually is unable to consider individual enantiomers due to the lack of toxicity and fate information concerning them [21] .
A starting point in understanding the environmental impact of potential contaminants in the environment, such as enantiomers of chiral pesticides, is to conduct standard freshwater aquatic toxicity tests with Ceriodaphnia dubia (class Crustacea) [22] . Therefore, the objectives of the present study were to evaluate the differences in toxicity of the two fipronil enantiomers and the racemate to C. dubia; compare toxicity of the fipronil species (ϩ, Ϫ, Ϯ) under dark and light (fluorescent) conditions to determine whether possible photolysis within the exposure regimen influences toxicity; and measure the toxicity of the desulfinyl photoproduct to evaluate its toxicity to C. dubia. To our knowledge, this is the first study to examine the acute toxicity of fipronil in C. dubia, and the enantioselective toxicity of fipronil in any organism.
MATERIALS AND METHODS
Culturing of test organisms
Ceriodaphnia dubia were obtained from the U.S. EPA (Region IV Ecological Services Laboratory, Athens, GA), and stock cultures were maintained for a month before initiation of tests according to established protocol [22] . All cultures were maintained in an incubator (24- 
-sulfinyl]-1H-pyrazole-3-carbonitrile; 98% pure) was obtained from ChemService (West Chester, PA, USA). Desulfinyl fipronil was obtained from Aventis (Research Triangle Park, NC, USA; 97.8% pure). Fipronil enantiomers were separated by Chiral Technologies (Exton, PA, USA). In brief, this process involved 3.0 g of racemic fipronil that was separated by high-performance liquid chromatography on a CHIRALPAKAS-H (Chiral Technologies) preparative column (3.0 cm i.d. ϫ 25 cm length). Elution was by supercritical CO 2 /isopropyl alcohol: 90/10, column 30ЊC, and detection was by ultraviolet at 290 nm. Quality assurance highperformance liquid chromatography of each separated enantiomer involved a CHIRALCELOD-H (Chiral Technologies) analytical column at 25ЊC with mobile phase of hexane/isopropyl alcohol: 85/15 at 1 ml/min. Under these conditions, peak one was the (Ϫ) enantiomer and peak two the (ϩ) enantiomer, as measured by a polarimeter (PDR-Chiral). Preparative yields were 1.47 g with a purity of 98.1% for peak one and 1.32 g with purity of 97.3% for peak two.
Test solutions
Stock solutions (1,000 mg/L) of fipronil (ϩ, Ϫ, Ϯ) and desulfinyl fipronil were prepared in 100% pesticide-grade acetone. Each stock solution was diluted with MHW to the 5, 10, 20, 40, and 80 g/L and 220, 260, 300, 340, and 380 g/ L nominal concentrations for fipronil (ϩ, Ϫ, Ϯ) and desulfinyl fipronil, respectively. An equal amount of acetone was used as a carrier solvent in all test solutions (including the vehicle control) for all toxicity tests (0.1%, v/v). Aqueous dilutions always were made on the same day of test initiation. All containers used in making solutions were precleaned and wrapped in foil to eliminate any contamination or photolyzation. At the beginning and end of each test (n ϭ 6 for ϩ, Ϫ, Ϯ fipronil tests and n ϭ 3 for desulfinyl fipronil tests; Table 1 ), composite samples (from three replicates, ϳ45 ml total) of the test waters from the highest (n ϭ 2) and the lowest (n ϭ 2) concentrations were collected in precleaned amber jars for analysis of fipronil and desulfinyl fipronil.
Analysis of fipronil and desulfinyl fipronil in water
Fipronil and desulfinyl fipronil were extracted from water using solid-phase extraction tubes (Supelco LC-18, 6 ml, 0.5 g; Bellefonte, PA, USA) preconditioned with deionized water and methanol. Samples gradually were added to the tubes immediately following preconditioning at 5 ml/min using vacuum. The sorbent then was dried for 30 min. Samples were eluted with 3 ϫ 1 ml of ethyl acetate using gravity flow. The eluant was evaporated under nitrogen to 500 l and analyzed by gas chromatography/mass spectrometry (HP 6890/5973) (Palo Alto, CA, USA) in selected ion mode using a BGB-172 chiral column (GB Analytik, AG, Anwil, Switzerland). Average recoveries of compounds spiked into water were 99 Ϯ 0% for fipronil (100 g/L) and 130 Ϯ 0.5% for desulfinyl fipronil (250 g/L; n ϭ 3 for each). Measured water concentrations from toxicity tests were not corrected according to recovery of these spiked compounds.
Toxicity bioassays
Methods for acute toxicity tests conformed to U.S. EPA guidelines [22] . Ceriodaphnia dubia neonates less than 24 h old and within 8 h of the same age were used for tests that were initiated at the same time each day. Neonates were pipetted into 30-ml polypropylene plastic cups containing 15 ml of MHW (control), a 0.1% (v/v) acetone solution (vehicle control), or fipronil compound dissolved in acetone and diluted B.J. Konwick et al. with MHW. Ceriodaphnia dubia were not fed during acute toxicity tests. Two series of tests were conducted for each fipronil enantiomer and for the racemate, under normal culture photoperiod (16:8-h light:dark; fluorescent incubator light) and under dark conditions (no photoperiod) to eliminate photolysis (if any was observed) and its effect on fipronil toxicity. Three replicate toxicity tests were conducted for each compound under light and dark conditions. For each test, 15 neonates (3 cups, 5 neonates/cup) were exposed to each fipronil treatment level along with a control and vehicle control, and mortality was assessed after 48 h by immobilization after gentle probing with a pipette. Tests for desulfinyl fipronil were conducted in a similar manner except under only normal culture photoperiod (16:8-h light:dark). After 48 h, dissolved oxygen and pH were measured (as described above) and acceptable levels (dissolved oxygen, 7.80-8.38 mg/L; pH, 8.30-8.46) [22] were found in each of the test cups.
Quality assurance and quality control measures were employed for acute toxicity tests. For test acceptance, survival of control and vehicle control organisms was to exceed 90%. In addition, concurrent toxicity tests with the reference toxicant copper sulfate (CuSO 4 ) were conducted in MHW, and the LC50 value did not deviate by more than two standard deviations from the mean values computed for our laboratory [22] .
Statistics
All LC50 values and statistics were determined based on measured water concentrations. The highest and lowest concentrations in each test were determined analytically, and remaining test concentrations were determined by adding or subtracting the mean percent deviation (determined from measured high and low water concentrations) from nominal concentrations in each test. Based on this, average concentrations used for LC50 determinations for (ϩ) fipronil exposures were 4.1, 8.1, 16.2, 32.4, and 64.8 g/L; (Ϫ) fipronil exposures were 4.5, 9.0, 17.8, 35.7, and 71.9 g/L; (Ϯ) fipronil exposures were 4.7, 9.3, 18.6, 37.2, and 74.4 g/L; and for desulfinyl fipronil exposures were 213, 251, 290, 329, and 367 g/L.
The 48-h LC50 (concentration resulting in 50% mortality) values for fipronil (ϩ, Ϫ, Ϯ) and desulfinyl fipronil were computed by the Trimmed Spearman-Karber method (Ver 1.5) [23] . The LC50 values of the fipronil enantiomers and the racemate were tested for significant differences with an analysis of variance followed by Tukey's multiple comparison (␣ ϭ 0.05) under light and dark and also combined (light and dark) exposures. Logistic regression for the fipronil enantiomers and racemate (light and dark data combined) was used as an additional method to determine LC50 values and for comparing slopes of the dose-response relationships. Due to the dispersion of the data (ĉ ϭ 3.58), the model was corrected according to Williams [24] before investigating differences in slope of fipronil enantiomers and racemate ( 2 , p Ͻ 0.05). All statistical analyses were conducted with Statistical Analysis Software (Ver 8.0, SAS Institute, Cary, NC, USA) and were preceded by Levene's test to determine if the statistical assumptions of homogeneity of variance were violated.
RESULTS AND DISCUSSION
Analysis of water samples collected at initiation and end of acute toxicity tests indicated no change over time (i.e., 0 h vs 48 h) in measured low (5 g/L) and high (80 g/L) concentrations of fipronil enantiomers and racemate (t-test, p Ͼ 0.10; Table 1 ). Measured concentrations of desulfinyl fipronil in the low test concentration (220 g/L) did not vary over the start and end of the exposure (t-test, p Ͼ 0.6), however the high test concentration (380 g/L) did differ (t-test, p ϭ 0.02; Table 1 ). It is unclear why this high concentration declined because the low concentration did not follow this same pattern and desulfinyl fipronil is suggested as being stable to further abiotic degradation [4] . However, the difference was minor (Ͻ10%) and possibly could be explained by the analytical method, where our recoveries were somewhat enhanced for this compound. After 48 h, in the fipronil (ϩ, Ϫ, Ϯ) exposures, concentrations of the desulfinyl photoproduct were detected at Ͻ1% of each parent compound in analyzed test concentrations; although the photoproduct was observed more often and, on average, at higher concentrations under light conditions (0.77 g/L, 72% of samples) compared to dark conditions (0.10 g/ L, 33% of samples).
Mortality of C. dubia increased with increasing concentration for each fipronil stereoisomer with the (ϩ) enantiomer having greater toxicity under both light and dark exposure conditions (Table 2) . When the data were tested either combined or under dark conditions, the (ϩ) enantiomer was significantly more toxic than either the racemate or (Ϫ) enantiomer; however, under light conditions, this significance was not seen, although the (ϩ) enantiomer still had greater toxicity ( Table 2 ). The LC50 values for the (ϩ) enantiomer and racemate of fipronil were not found to be statistically different between exposure conditions (i.e., light vs dark; t test, p Ͼ 0.10). The LC50 values for the (Ϫ) enatiomer of fipronil were found to be significantly different between the light and dark Table 1 . exposure (t-test, p ϭ 0.04) . However, the difference was minor (LC50s were 35.4 Ϯ 2.6 in light and 28.4 Ϯ 2.4 in dark, mean Ϯ SE, n ϭ 3) and, considering they were more variable than the other fipronil stereoisomers (Table 2) , an increase in test replicates may show no difference in toxicity with exposure conditions. Also, when comparing all LC50 values regardless of fipronil stereoisomer, exposure conditions (light and dark) did not significantly (t test, p Ͼ 0.10) influence fipronil toxicity. Therefore, combined data (light and dark) would give a better approximation of the true toxicity and are referred to herein.
Additional testing on more target and nontarget species, including sublethal chronic exposures, is needed to assess possible risk reduction before production of an enriched or single enantiomer formulation of fipronil is used. The relative difference in LC50 values of fipronil enantiomers found here was approximately threefold (10.3 Ϯ 1.1 g/L for (ϩ) and 31.9 Ϯ 2.2 g/L for (Ϫ) enantiomer), and the toxicity of the racemate (17.7 Ϯ 1.3 g/L) was approximately midway between the toxicity of each enantiomer, suggesting possible additive effects. However, the biological relevance of whether these results, including any additive effects of enantiomers, holds true at chronic sublethal exposures is unknown. Furthermore, the relative toxicity of enantiomers is of importance to all organisms that potentially could come into contact with the stereoisomer, both target and nontarget. In our study, C. dubia is a nontarget organism with regard to fipronil effects, and additional tests on the enantiomer-specific activity to target organisms (i.e., rice water weevil, fire ants, etc.), as well as other nontarget species, are warranted.
The toxicity of the photoproduct, desulfinyl fipronil, was considerably lower compared to fipronil, and further impacts on C. dubia survival would be dependent on the rate of photolysis of fipronil. The estimated LC50 value for desulfinyl fipronil (355 Ϯ 9.3 g/L, mean Ϯ 1 SE, n ϭ 3) found here to C. dubia was approximately 11-fold less than the fipronil racemate ( Table 2) . Although limited photodegradation likely occurred, based on the more frequent presence and higher concentrations of desulfinyl fipronil under light studies (see above), these concentrations (Ͻ0.77 g/L) were well below the estimated LC50 value of desulfinyl fipronil to C. dubia. As a result, the exposure conditions (i.e., incubator fluorescent light) used in this experiment were not efficient in providing the necessary irradiation [25] for fipronil's rapid photolysis, and ultraviolet or natural sunlight would have been a better exposure scenario to elucidate fipronil's photodegradation and resulting toxicity to C. dubia. Although fipronil's pathway to the desulfinyl derivative has been shown to be a result largely of direct photolysis in aqueous solutions [9] , observations of lower environmental concentrations of desulfinyl fipronil compared to fipronil have been noted (see below). This can be due to association of fipronil with dissolved organic matter [9] , as fipronil has a high affinity for organic carbon, sediment, and soils (log K ow ϭ 4.01) [7] . As a result, implications over whether the resulting photoconversion of desulfinyl fipronil occurs to a significant degree to afford any detrimental effects in aquatic fauna needs further investigation.
Several possible reasons explain the differences in toxicity among fipronil enantiomers, the racemate, and its photodegradation product. First, differential toxicity may be related to binding to different GABA receptor subunits among different species. Although study of the GABA receptor is limited within aquatic species, its composition is inferred to be homologous among arthropods [26] . It is suggested that the ␤3 subunit is the target site for insecticide binding; however, other subunits may alter the binding site, thereby providing receptor selectivity and potency, as shown with fipronil and desulfinyl fipronil [27] . In addition, given that other receptors can be enantioselective [28, 29] , differential GABA receptor binding of fipronil enantiomers is a possibility for the observed differential toxicity. Because metabolic conversion generally is stereospecific [30] , another prospect is that one enantiomer is metabolized preferentially before reaching the intended target site (i.e., GABA receptor). Differences in toxicity of fipronil enantiomers and racemate also may be explained by dissimilar modes of action. Comparable slopes of dose-response curves typically indicate a similar mode of action of toxicants [31] . Here, fipronil enantiomers and racemate (Fig. 2) were found to have similar slopes (p Ͼ 0.05 for all comparisons) but different intercepts (p Ͻ 0.001 for all comparisons), indicating that toxicity likely is a result of the same mechanism of action (i.e., GABA disruption).
In comparison to other pesticides, fipronil is one of the more toxic, but this toxicity varies greatly with different aquatic species (Table 3) . Of the most commonly used pesticides in any sector (agricultural, industry, or home and garden) [32] , fipronil's toxicity to C. dubia is among the top five of any pesticide based on available information in the U.S. EPA's ECOTOX database (http://www.epa.gov/ecotox). Only malathion, chlorpyrifos, diazinon, and carbaryl have shown the potential to be more acutely toxic to C. dubia than the fipronil racemate. In comparison to other species, Daphnia magna is the only other daphnid species to have a reported LC50 value for fipronil (190 g/L) [7] , approximately 10 times less toxic than the results found here using C. dubia. On the other hand, mysids (Americamysis bahia) [7] , adult grass shrimp (Palaemonetes pugio) [11] , and male adult copepods (Amphiascus tenuiremis) [12] are even more sensitive to fipronil than C. dubia, suggesting possible greater toxicity in estuarine organisms. For desulfinyl fipronil, there are no reported data for other daphnid species, but our results are in agreement with its reduced toxicity relative to fipronil in rainbow trout [7] , B.J. Konwick et al. Current study [7] [7] [7] mysids (Mysidopsis bahia) [7] , and Procambarus sp. [10] . However, the desulfinyl photoproduct has been shown to be more toxic than fipronil to bluegill sunfish [7] , houseflies, and mice [4] . These interspecies differences in toxicity are not easily explained; however, additional testing with a greater number of species may help reduce uncertainties in risks associated with fipronil use.
To assess the significance of fipronil in the environment, it is necessary to compare toxicity data with environmental levels. Fipronil has been measured in 25% of the water samples collected by the National Ambient Water-Quality Assessment. Concentrations of fipronil ranged between 0.01 and 0.07 g/ L, being more prevalent and of greater concentration than its desulfinyl photoproduct (1.61% of samples Ͼ 0.01 g/L; M.W. Sandstrom, U.S. Geological Survey, Denver, CO, unpublished data). In rice culture, an estimated peak water concentration of approximately 5.0 g/L for fipronil and 1.4 g/L for desulfinyl fipronil has been calculated [13] . A 2001 U.S. EPA document has projected an average peak fipronil concentration of 1.7 g/L in southeastern U.S. waters when used for fire ant control [33] . Concentrations reported for fipronil and desulfinyl fipronil in the environment are below those needed to produce acute toxicity in C. dubia (this study), but are in the range reported to be acutely toxic in mysids (A. bahia) [7] . Additionally, environmental concentrations of fipronil are in the range to illicit sublethal effects in select organisms. For example, fipronil decreased reproduction in copepods (Amphiascus tenuiremis) at a concentration of 0.42 g/L [12] and was associated with male-specific infertility [34] . Thus, increasing concern and need for more research on fipronil's impacts on nontarget organisms are warranted, especially study on chronic exposures. In light of the growing use of fipronil, identification of its enantiomer-specific effects on a variety of organisms may indicate that production and use of the single active enantiomer, or at least a product enriched in that enantiomer, would be prudent for protection of the environment.
